We use device modelling for studying the losses introduced by metallic electrodes in organic solar cells' device structure. We first discuss the inclusion of pinning at the integer charge transfer state in device models, with and without using the image charge potential. In the presence of disorder, the space charge introduced due to the image potential enhances the pinning by more than 0.2 eV. The explicit introduction of the image potential creates band-gap narrowing at the contact, thus affecting both dark leakage current and photo conversion efficiency. We find that there are two regimes in which the contacts may limit the performance. For low (moderate) barriers, the contacts introduce minority carrier recombination at the contacts that adds to the bulk recombination channels. Only for high barriers, the contacts directly limit the open circuit voltage and impose a value that is equal to the contact's energy difference. Examining the device structures with blocking layers, we find that these are mainly useful for the low to moderate contacts' barriers and that for the high barrier case, the enhancement of open circuit voltage may be accompanied by the introduction of serial resistance or S shape. Published by AIP Publishing.
I. INTRODUCTION AND BACKGROUND
In this field of organic devices, interfaces between the different layers and materials are of critical importance. [1] [2] [3] [4] [5] [6] [7] The role of the contacts and their injection/extraction properties have been emphasized in the context of light emitting diodes, transistors, and recently also for photo-cells. 6, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] The typical thickness of such devices, as light emitting diodes or photocells, is of the order of 100 nm making the contact interface and the range over which it affects the electronic levels, of significant size. In the context of organic solar cells, the improvement in the materials' quality has made the contact phenomena important for further improvement in the solar cell's performance. To design the devices better, one has to first understand the contact phenomena and find ways of incorporating it into the device model. In the second step, one could use such models to analyze or design new strategies for high efficiency devices.
The understanding of the contact phenomena is often covered by works dealing with interfaces and energy level alignment at interfaces [1] [2] [3] [4] 6 or those examining the formation of a Schottky barrier. 19 There are many levels of complexity taking place at such interfaces some of which may lead to the phenomenon known as Fermi-level pinning. If there is no substantial chemistry between the contact and the semiconductor, then we can only assume physisorption. In such a case, where no new mid-gap states are created, a significant part of the contact's pinning, within the semiconductor energy gap, is attributed to the electrostatic attraction as described by the Integer Charge-Transfer (ICT) model. 2 The physics and equations describing the ICT indicate that in the context of semiconductor device models, at least part of the ICT stabilization can be ascribed to the image charge potential or the image force. 20 Figure 1(a) shows a schematic energy level diagram where the metal workfunction (E F ) is located outside the semiconductor energy gap. Here, it is above the lowest unoccupied molecular orbital (LUMO) which in the semiconductor device model framework is equivalent to the conduction band. Figure 1 (b) accounts for charge transfer from the metal to the semiconductor which changes the energy level alignment at the interface. If one accounts for the stabilization or "binding-energy" of the electron in the semiconductor at the vicinity of the metal, then the actual state at which the metal aligns with is within the gap. 2 Figure 1(c) accounts for the stabilization effect by redrawing the energy level diagram accounting for the fact that the "binding-energy" depends upon the distance. In other words, the levels are drawn while accounting for the image charge potential. 21 This figure also shows that accounting for the image charge potential in both majority and minority carriers' energy band results in electronic band-gap narrowing close to the contact. 22 For completeness, we note that since the image-charge stabilization is computed within the single particle picture, there could be doubts regarding its validity where the charge density is high 23 (see discussion in the Appendix). The magnitude of the image charge induced stabilization or pinning within the gap can be estimated using Eq. (1), which describes the image charge potential created at the interface between two materials, 22, 24 w Image ¼ À e contact À e semi e contact þ e semi q 16pe semi e 0 x :
In Eq. (1), e is the dielectric constant, q is the elemental charge, and x is the distance between the relevant state and the interface. Here, the maximum stabilization is proportional a)
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Published by AIP Publishing. 121, 195502-1 to the minimal "x," which is dependent on the intermolecular distance between the semiconductor and the metal. Experimentally reported values 2 of the ICT (or image charge potential) are between 0.2 to 0.5 eV for electrons and up to 0.8 eV for holes. The above discussion has led the authors to realize that although organic materials are less prone to defectrelated interface states, the pinning of the electrode and the associated, relatively high, contact barrier is an issue that must be affecting high quality organic solar cells. In that context, we studied two different strategies for overcoming contact related issues; the first is the known blocking layer (BL) scheme 10 and the second is the band gap enhanced (BGE) structure. 9, 25 To complete those studies, we start by examining the effect of image-charge pinning by including it explicitly in the device model. 4, 26, 27 Next, we compare the two strategies for recovering contact related loss in organic photovoltaic cells.
II. SIMULATION DETAILS AND PARAMETERS

A. Device equations
In this work, we have implemented a numerical calculation that solves simultaneously for the internal electric field and the charge carriers distribution in a given device structure and a given set of physical processes. By device structure, we mean the materials and layers, the interfaces between layers, and the boundary conditions set by the contacts on both ends. Among the physical processes are the photo-generation and recombination processes which may be linked to the mobility and diffusion values. The code is implemented in Matlab, and the numerical solution process follows the Scharfetter and Gummel approximation. 28 In short, and dealing only with 1-dimentional calculation, the model relates the potential distribution along the device, W(x), to the free electrons and holes distribution, n(x) and p(x) via Poisson Eq. (2), the continuity Eqs. (3) and (4) , and the drift-diffusion current expressions in (7) and (8) .
The Poisson equation for the 1D case is
with q, e 0 , and e being the elementary charge unit, vacuum permittivity, and relative permittivity, respectively. The continuity equations relate the change in charge carriers'' density to the change in electrical current and to the generationrecombination processes
with J n;p being the electrical currents in the x-direction (perpendicular to the device surface) for electrons/holes. R and G are recombination and generation rates, respectively. Solving for the steady state, (3) and (4) reduce into
Expressing the current as a balance between the drift and diffusion components yields
J p ¼ qnl p E À qD p dp dx
with l n;p being the mobility of electrons/holes, D n;p being their diffusion coefficient, and E ¼ À dw dx the electric field. In this paper, the recombination was taken to be only the Shockley-Reed-Hall (SRH) type, [29] [30] [31] in the form
with DE t being the trap position relative to the middle of the gap, n i the intrinsic charge density (i.e., due to the thermal excitation), C n the traps capture cross section, N t the traps density, k the Boltzmann constant, and T the temperature. Note that unlike in Refs. 9 and 25 the trapped charges are not explicitly simulated.
B. Boundary conditions
The potential difference between the electrodes has to reflect the externally applied voltage. This is implemented such that the potential of the cathode ðw 1 Þ is set to match its work function (WF) and the potential of the anode ðw N Þ equals that of the cathode plus the applied bias. Namely, at zero bias it equals that of the cathode, and when the applied bias equals the built-in potential (WF cathode À WF anode in Fig.  2 ) it equals its own WF. The charge densities at the contacts (n 1 ; n N ; p 1 , and p N ) are determined by the barrier at each electrode (DE cathode/anode ) following Boltzmann distribution: 
with N DOS being the effective density of states (DOS), LUMO/HOMO the energy levels of the materials adjacent to the relevant electrode (in eV).
C. Image charge potential
In the calculation, we have implemented a slightly simplified equation for the image force potential, which reflects the assumption of metallic contacts on both ends of the device, 21 w
Equation (12) leads to modification of the energy levels prior to solving the structure and affects both the energy levels shape and the boundary conditions via Eqs. (10) and (11) . Note that when the Fermi level pinning is determined by the IF, as schematically plotted in Fig. 1(c) , the boundary conditions for electrons (near the cathode) and holed (near the anode) would be exactly N DOS /2.
D. Parameters
Unless stated otherwise, the parameters used in the calculation are as detailed in Table I .
III. RESULTS AND ANALYSIS
A. Effect of the pinning mechanism in single layer devices
We start our analysis with a simplified single-layer device, a structure in which an active layer is sandwiched between the two electrodes. This single layer could represent a bulk heterojunction with the HOMO and LUMO levels being of the donor and acceptor materials, respectively. Figure 2 (a) shows the device structure and notations used. Specifically, it shows that we intend to compare two situations where the contact workfunction is 0.24 eV below (above) the LUMO (HOMO) level. In the first we are not interested in the mechanisms leading to the energetic position of the contact and simply place it there. In the second, we assume it was pinned by the image-charge potential (or ICT state), and we assume the molecular distance between the metal and semiconductor is 0.5 nm so that Eq (12) results in 0.24 eV. There is no physical justification for choosing the 0.24 eV but for it being at the lower end of experimentally reported values. 2 The general approach of accounting for image-potential is very similar to the one used in Ref. 6 but instead of only introducing the barrier lowering effect, we explicitly include the image-potential curve in the simulation. location, and this orientation will be used throughout the paper: left-hand size is the cathode side, as well as the origin of the illumination (when simulated), and the electrical current flows in the horizontal direction.
Moving to the simulation's results, Fig. 3(a) shows the calculated dark current density for the two scenarios resulting in the contacts being 0.24 eV within the gap (see Fig. 2 and the related discussion). The energy separation between the electrodes (built-in potential) was 0.88 eV; hence, the forward bias mainly shows the diode behavior, which is these simulations is ideal. In this voltage range, the direction of the internal bias is such that the image charge induced barrier lowering is zero. 21 We remind the reader that the common explicit inclu-
would result in an overestimate of the forward current as it underestimates the space charge enhancement of the barrier close to the contact. 26 Examining the reverse bias range we note that, for the simulation with the image charge potential, the reverse injection is higher in agreement with the picture of image charge induced band-gap narrowing 22 at the contacts (we return to this point in the discussion of Fig. 4 ).
Figure 3(b) shows the calculated J-V curves under one Sun illumination, thus allowing to compare the photo conversion efficiency (PCE) of the two scenarios. We note that accounting explicitly for the image charge potential results in lower short-circuit current (J SC ) and lower PCE. In ideal P-N diodes, the leakage current is due to generationrecombination mechanisms, across the gap, and hence a higher leakage would indicate higher recombination losses, and thus, also lower J SC . However, in the metalsemiconductor-metal considered here, the reverse leakage current is due to injection over the reverse injection barrier. 32, 33 Therefore, it is interesting to verify whether the larger reverse injection is also an indication for higher contact-induced recombination. In Fig. 3(c) we plotted the current only due to electrons also showing the drift and diffusion components separately. The results are for one Sun illumination and a bias level of 0.6 V. As one would expect, the drift current (round symbols) is negative as the internal voltage is extracting the electrons through the cathode. As the charge generation is throughout the layer (beer-lambert law) the resulting charge distribution gives rise to diffusion (square symbols) in both directions (towards the contacts). The most relevant insight, to the present discussion, is revealed by the total electron current (drift þ diffusion) throughout the device. We see that it is high close to the electron extracting electrode and reduces towards the hole extracting electrode. Naturally, the hole current (not shown) has opposite dependence such that the overall current is constant across the device. In the inset of Fig. 3(c) we zoom on the electron current close to the hole extracting electrode. Note that the electron current is changing sign indicating that there is electron flow towards the hole extracting contact or that there is recombination loss at the contact. We also note that the inclusion of the image charge potential allows the contact to collect electrons from a larger distance, thus making the contact-induced recombination loss more significant.
In the above, we discussed the effect of the image force in narrowing the gap close to the electrodes, thus enhancing the reverse dark leakage current as well as the contact Fig. 3(b) ]. The horizontal arrows, Figs. 4(c) and 4(d), mark the region, where the energy band structure is different between the two structures. We see that for the image charge potential case [ Fig. 4(d) ] it is easier for the charges to flow in the "wrong" direction and recombine at the contacts. Since the recombination is of charges at the contact that is designed to collect the opposite charge one may refer to it as minority-carrier recombination at the contact.
Disordered semiconductors
While effects of disorder are not the subject of this contribution, we find that it is still important to highlight the relevance of this feature in the current context. 6 Figure 3(d) shows the calculated J-V curves under one Sun illumination for semiconductors characterized by a Gaussian density of states (DOS) with r ¼ 3kT ¼ 78 meV. The full line is for a device with the contacts' workfunctions positioned 0.24 eV into the gap, relative to the center of the DOS. The explicit shape of the DOS is entered into the simulations using the generalized Einstein relation. 26, 34 As it was found that the inclusion of the inherent charge density dependence of the mobility is important to reproduce the correct ideality factor of diodes 35 we also included the density dependence of the 6 The simulation result of the device with the image-potential included such that it would pin the contacts at the very same interface by 0.24 eV is shown as dashed line in Fig. 3(d) . Unlike the results for the non-disordered case, in Fig. 3(b) , we note that in the presence of disorder the explicit inclusion of the image potential is detrimental to the open circuit voltage. As was shown in Ref. 26 , the explicit inclusion of the image potential introduces a region with high charge density causing band bending that effectively increases the barrier. In the presence of disorder, due to the enhanced Einstein relation, the region occupied by large charge density expands, thus making the barrier enhancement even higher. In Fig. 5 , we plot the energy band diagram at an open circuit for the disordered-material based solar cells. Figure 5(a) is for the contacts being 0.24 eV below the center of the Gaussian DOS and Fig. 5(b) is for the contact aligned with the center of the DOS, and with the image charge potential explicitly included. For the present example, this has increased the effective electrode pinning from 0.24 to 0.46 eV [see Fig. 5(b) ]. Namely, to create/simulate a situation with a given depth of electrode pinning one has to account also for the electrostatic bending that could be substantial. 4, 5, 26 B. Effect of the electrode pinning in multi-layers/ blocking-layers devices
In Sec. III A we established that the mechanisms of integer charge transfer or image-charge potential at metallic electrodes creates an intrinsic recombination loss mechanism associated with the contact itself. This implies that it is Here the horizontal arrows mark the region where the energy band structure is different between the two structures, where loss is due to minority-carrier contacts-recombination.
essential to introduce inter-layers to mitigate this effect and below we compare two approaches (see Fig. 6 ). Since the contact dictates which type of carrier (electrons or holes) would be the majority-carrier at its vicinity, we can identify whether a structure is introducing a discontinuity in the energy band associated with minority or majority carriers. Hence, there are two configurations we wish to examine, the first is the minority-carrier blocking layers (BL) and the second is the majority-carrier band-gap enhanced (BGE) structure. 9 
Moderate contact energy barrier
To be consistent with the discussion of minority carrier recombination at the contact we first examine a structure similar to those discussed in Figs. 2-4 and next to the contact we insert the relevant layers to induce the energy band modification. Specifically, we maintain the moderate barrier height of 0.24 eV at the contact. We found that for these structures (BL/BGE) there is hardly any difference in the J-V between including the image force potential or simply setting it at the ICT level. Hence, for the comparison, we use results from the simulations without the implementation of the image force potential. Another important issue of determining the effectiveness of blocking layers, is whether the recombination at the contact is significantly relative to the charge recombination in the bulk. To this extent, we perform the simulations for three different recombination coefficients C n N t in the SRH recombination term (9) Figure 7(a) shows the J-V curves of the standard (single layer) structure under one sun illumination and for the three different bulk recombination coefficients. For all three cases, the open circuit voltage (V OC ) is about 0.8 V and the effect of bulk recombination is, as expected, of reducing the short circuit current and the fill-factor. In Fig. 7(b) we show the same set of J-V curves but for the modified structures shown in Fig. 6 . The results for BL structure [ Fig. 6(a) ] are presented as dashed lines and those of the BGE structure [ Fig.  6(b) ] are presented as full lines. First, we note that for the highest bulk recombination coefficient the modified structures make no real improvement in the PCE, indicating that for this level of bulk recombination the recombination at the contact is not significant. On the other hand, for the moderate and low recombination coefficients, there is a significant shift of the V OC along with improvement in the fill factor. 9, 10 Comparing the two structures we note that in the cases where the bulk-recombination is more pronounced the BGE structure seems to perform better. This raises two questions: (a) We identified that for the 0.24 eV barrier, when the contact recombination losses are of minority carriers, why does a modification in the majority-carrier energy band improve V OC ? (b) We changed nothing in the bulk of the device; then why does the BGE structure reduce the effect of bulk recombination, compared to the BL configuration?
To answer the above two questions, we plot the energy level diagram of the two modified structures at V OC (under one Sun illumination) and short-circuit in the dark. Figures  8(a) and 8(b) show the energy bands at V OC and we note that there is almost no difference between the energy levels diagrams of the two structures. In the BGE structure case, space charge evolved close to the contact thus transferring the modification originally introduced to the majority carrier energy band to the minority carrier energy band. Namely, at V OC the two structures are similar, and both block the minority carrier recombination at the contact. Figures 8(c) and 8(d) show the band structure at V ¼ 0 and no illumination for the two structures. We note that, at the center of the device, the slope of the bands is higher for the BGE structure. This is a direct consequence of the higher built-in potential produced by the BGE structure. As the device efficiency is affected by the "competition" between charge extraction and charge recombination the relative improvement in the PCE of the BGE structure is due to better charge extraction through higher internal electric-field. In devices where the free-charge generation is electric-field activated, 37 
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enhanced built-in electric-field would improve that process as well. However, we did not include such mechanism in the simulation model used here.
High contact energy barrier
In the above discussion, we have compared the two device structures in the case where the minority carrier recombination at the contact is limiting the performance. We kept the contacts' energy barriers at 0.24 eV such that the energy difference between the contact (1.36 À 0.48-0.9) did not impose a strong limit on V OC . Indeed, only when we used the lowest bulk recombination coefficient the improved structures exhibited V OC that is higher than 0.9 V. In the following, we examine the case where the contacts are imposing a stronger limit by directly limiting the V OC . Figure 9 (a) shows simulation results for the standard structure but with contacts' energy barriers of 0.4 eV at each contact. This makes the energy different between the contact as (1.36 À 0.8 ¼ 0.56 eV), which is exactly the V OC as found in Fig. 9 (a) (i.e., the contact's energy difference is dictating the V OC ). Unlike the case of the low barrier height, to improve the open circuit voltage, we need to overcome the built-in energy difference and expand the energy gap between the electrodes. 10 This can only take place if the electron (hole) energy level bends up (down) close to the contact. This bending reduces the extraction efficiency of the (contact's) majority carriers which is more significant if the relative strength of the charge recombination is high (i.e., charge recombination starts "winning the competition"). As Fig. 9(b) shows, the higher charge recombination coefficients give rise to a clear S shape. 10 It is interesting to note that the shape of the J-V curve for the low recombination coefficient (3.3 Â 10 3 ) may give the impression that the contacts are no longer an issue but, compared to the results in Fig. 7(b) the maximum PCE is 35% lower. Close examination of the curve [ Fig. 9(b) ] reveals that towards V OC the curve exhibit a single slope indicating that, for the low recombination case, the band bending close to the contacts "only" introduces a serial resistance. This could be rectified using layers with higher charge mobility values 10 or perhaps a different device architecture.
Structure realization
To make the discussion complete, we need to address the practicality of realizing the BL and BGE structures. This is a question mostly relevant to the BGE structure that requires a continuous slope in the energy level. We address this issue in Fig. 10 where we reproduce the J-V curves of the BL and BGE structures of Fig. 7 and we add results where the slope was created stepwise using a steep transition. As was reported in Ref. 9 the sharp steps degrade the J-V and in the current context may make the BGE structure a less favorable approach compared to the BL structure.
IV. SUMMARY
We have examined the representation of contact pinning by the inclusion of the image charge potential in a device simulation model. Self-consistent inclusion of the image charge potential requires its additions to both the majority and minority carriers' energy band (minority/majority is as defined by the relevant contact). This self-consistency leads to narrowing of the electronic energy band at the contact which affects both the diode's dark leakage current and the contacts' recombination loss. We found that these effects are largely due to the effect of the image charge potential on the energy band of the carriers that are a minority at the contact interface. We also found that if the image-potential is such that it would pin the electrode $0.24 eV into the gap, the presence of moderate disorder could enhance it, through electrostatic-induced band-bending, up to 0.45 eV. Namely, contact pinning and resulting energy loss could be detrimental to devices where the material at the contact interface is disordered. Having said that, we must add that the treatment of the image charge potential for low contact barriers is less accurate (see Appendix).
Having established the physical picture of contact induced recombination, we examined two device structures that are capable of blocking the above contact recombination channel. Through this study, we found that for moderate barrier heights, the contact induced loss of efficiency is only through an additional recombination channel and depending on other loss mechanisms it may be significant or not. Only for the case of the high barrier at the contact, the V OC is directly dictated by the energy difference between the two contacts' workfunction. In the case of such a harsh effect, it is difficult to significantly enhance the device performance with the aid of blocking layers. While the V OC would be improved, it will be at the cost of additional serial resistance that may also appear as an S shape. As was shown in Ref. 10 , such S shape could be avoided if the blocking layers are chosen to have significantly higher charge carrier mobility value.
Before concluding, we wish to point out the similarities between our analysis of a BHJ device that is appended by blocking layers and the analysis of a planer heterojunction by Cheyns et al. 16 For both device structures, there are no minority carriers near the contacts such that at V OC the contacts cannot (or almost do not) contribute to the losses. This makes the V OC (almost) independent of the contact barriers, and a high barrier would mainly introduce a serial resistance. 16 
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APPENDIX: THE IMAGE CHARGE POTENTIAL
Following the suggestion of the anonymous reviewer, we discuss the validity of including the image charge (force) potential in semiconductor device models. While its use is considered text-book material, 21, 24, 38, 39 it is hard to find rigorous justification for its inclusion in device models. The first concern one might have is depicted in Fig. 11 . The equations of the device model include the 1D Poisson equation; so why do we consider adding a solution of another Poisson equation as an input to the model?
The answer lies in the assumption behind the use of the 1D Poisson equation to describe a device that is in fact 3D. It is known that the assumption is that @ @y ¼ @ @z ¼ 0; however, one tends to forget that this is supposed to hold on any length scale, for it to be valid. Considering a reasonable charge density of 10 18 cm À3 we find that the average distance between charges is $10 nm and hence, on the scale of 0-10 nm the charge distribution is definitely not uniform with Why would this be important especially near the contact? Zooming on the nm scale (left of Fig. 11) we find a single charge in front of an interface. If we assume @ @y ¼ @ @z ¼ 0 we effectively replace the scenario of a discrete charge in front of a metal with a uniform sheet of charge. Unfortunately, the potential associated with a charged sheet in front of a metal is linear (as in a capacitor) which is very different from the actual case that is described by Eq. (1), which is copied below:
A common way to rectify this discrepancy, without resorting to a full 3D discrete model, is to introduce the image charge potential as a correction to the 1D solution (as was done in the main text). By introducing this correction, we also introduced an assumption that will lead us to a second concern. Using the self-induced potential implies that the charges are far apart such that we can neglect inter-particle effects. To get an estimate as to what "far apart" means, we use the 1 x dependence of the potential to compute the distance at which it equals À0.026eV (kT at room temperature). If the contact is a metal and e semi ¼ 3, than the resulting distance is x $ 4.5 nm. On this scale, the charges of a semiconductor with 10 18 cm À3 charge density can be considered as isolated charges and indeed the insertion of the image charge potential was found to be very helpful to describe injection through contacts exhibiting a barrier for injection. If we assume an effective density of states (at the "band edge") of 10 21 cm À3 than 0.1 eV barrier would correspond to $10
19 cm À3 and 0.15 eV to $10 18 cm
À3
. Namely, for very low injection barriers, where the interparticle distance is very short, the use of the image charge potential is less justified or not as accurate. As Fig. 12 shows, in the context of this paper, the issue of correctness may be relevant to the injection/extraction of the majority charge carriers but not for the injection/extraction of minority carriers (here, minority/majority is defined by the contact). The gray area in the vicinity of the contact depicts the region where the use of the image charge potential, for the majority carrier injection, is not accurate. As this region is rather narrow (below 1.5 nm) it may not be significant for most practical numerical simulations, as it would include only 1 or two simulation nodes, depending on the simulation's grid resolution. In cases where the charge filling of the first 1 nm is crucial to the result, one should take such results with a pinch of salt. This is not merely due to the above treatment of the image potential being not so accurate but also due to other effects that are not accounted for and may be important on such length scales. These could be the field penetration length into the metal, which within the Thomas-Fermi approximation may take a large portion of a nm, 40, 41 details of the surface structure, 20, 42, 43 or others which are well outside the scope of this paper. 
